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We have performed a low temperature scanning tunneling microscopy and spectroscopy study of
the iron chalcogenide superconductor FeSe0.4Te0.6 with TC ≈ 14 K. Spatially resolved measurements
of the superconducting gap reveal substantial inhomogeneity on a nanometer length scale. Analysis
of the structure of the gap seen in tunneling spectra by comparison with calculated spectra for
different superconducting order parameters (s-wave, d-wave, and anisotropic s-wave) yields the best
agreement for an order parameter with anisotropic s-wave symmetry with an anisotropy of ∼ 40%.
The temperature dependence of the superconducting gap observed in places with large and small gap
size indicates that it is indeed the superconducting transition temperature which is inhomogeneous.
The temperature dependence of the gap size is substantially larger than would be expected from
BCS theory. An analysis of the local gap size in relation with the local chemical composition shows
almost no correlation with the local concentration of Se-/Te-atoms at the surface.
PACS numbers: 74.55.+v, 74.70.Xa, 74.81.-g
The recently discovered iron-based superconductors
have sparked hope that a detailed understanding of su-
perconductivity in these materials might finally help to
establish an understanding of the pairing mechanism in
high temperature superconductors [1–3]. The observa-
tion of magnetic resonance modes at the nesting vector
of different Fermi surface sheets indicates that spin fluc-
tuations play an important role for superconductivity in
these materials [4–6]. However despite these successes,
there is still a number of open questions to be resolved.
The symmetry of the superconducting order parameter
has not been unambiguously determined so far, also a
predictive theory of superconductivity in iron-based su-
perconductors is still missing. Matters are complicated
by a complex band structure with up to five bands de-
rived from the Fe-3d orbitals crossing the Fermi level [2].
In the iron chalcogenide superconductor Fe1+δSe1−xTex
it appears that the superconducting gap observed in tun-
neling spectra near optimal doping (x ≈ 0.6) is nodeless
[7] - while in MBE-grown FeSe films, it appears to have
nodes [8]. An anisotropy of the superconducting gap has
been observed in studies of LiFeAs by scanning tunnel-
ing microscopy (STM) [9] and angle resolved photoemis-
sion (ARPES) [10]. In the case of Fe1+δSe1−xTex, results
from ARPES experiments have been inconclusive: both,
isotropic gaps on the hole-like and electron-like sheets of
the Fermi surface - though of different magnitude [11],
as well as anisotropic gaps [12] have been reported. The
latter is consistent with angle-resolved specific heat mea-
surements which show evidence for an anisotropic gap
in this sample [13]. A quasiparticle interference study
by STM indicates that the order parameter reverses sign
between different sheets of the Fermi surface, supporting
an interpretation in terms of an s± order parameter [7].
The superconducting gap has been found to be inhomoge-
neous in iron pnictide superconductors of the 122-family
[14, 15]. However, in the 122 materials cleaving usu-
ally creates a disordered surface, so this inhomogeneity
is likely not representative of the bulk.
In this letter, we report a study of the spatial inho-
mogeneity and structure of the superconducting gap in
FeSe0.4Te0.6 by STM. The temperature dependence of
the gap shows that the inhomogeneity and spatial varia-
tions of the transition temperature are closely related to
each other. A comparison of the local variation of the
superconducting gap size with the anion height reveals
almost no correlation, indicating that interlayer coupling
is not negligible.
The 11 iron-chalcogenide superconductors have the
simplest crystal structure of the iron-based superconduc-
tors, consisting of planar iron layers with chalcogenide
(Se, Te) anions above and below. The crystal structure
provides a well-defined and non-polar cleavage plane be-
tween the chalcogenide layers. LEED and STM studies
show no indication for a surface reconstruction [16, 17].
We have carried out STM measurements on a single crys-
tal of FeSe1−xTex with x = 0.61 (determined by EDX
measurements) and a superconducting transition temper-
ature TC ≈ 14 K [18]. We have used a home-built low
temperature STM which allows for in-situ sample trans-
fer and cleavage [19]. Differential tunneling conductance
dI/dV is measured through a lock-in amplifier with a
modulation of 600 µVRMS. Bias voltages are applied to
the sample, with the tip at virtual ground. Tunneling
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FIG. 1: (a) Atomically resolved topography of FeSe0.4Te0.6
(80 nm × 80 nm), taken at 2.1 K (V = 90 mV, I = 0.2 nA).
Inset in (a) shows a magnified image of the atomic lattice,
which contains Se and Te atoms. (b) Temperature dependent
spectra (4096 single spectra) averaged over an area of size
20×20 nm2 (stabilization condition: V = 40 mV, I = 0.5 nA).
spectra are acquired with open feedback loop. Sample
cleaving was performed at temperatures around 20 K.
Figure 1(a) shows a topographic image, the apparent
inhomogeneity is dominated by the distribution of Se and
Te atoms, yielding a larger height for Te atoms and a
smaller height for Se atoms[20]. A composition analysis
based on the apparent height results in a tellurium con-
centration of x = 0.63± 0.04, consistent with EDX mea-
surements. We detect almost no excess iron impurities.
Temperature dependent spatially averaged dI/dV spec-
tra from spectroscopic maps are depicted in Fig. 1(b),
showing a superconducting gap similar to the one ob-
served previously by Hanaguri et al.[7]. The supercon-
ducting gap is found to disappear roughly at TC. We
note a pronounced asymmetry in the spectra, with dif-
ferent amplitude of the coherence peaks at positive and
negative bias voltages. The asymmetry is position de-
pendent. In addition to the dominant coherence peaks
at ±2.1 mV (marked by dashed black lines), additional
features can been seen outside the gap around ±5.5 mV
(dashed red lines). These outer features are less repro-
ducible than the inner coherence peaks, possibly because
the orbital character of the associated bands couples only
weakly to the tip of the STM. We can only speculate that
they are likely due to a second, larger superconducting
gap - however they are not exactly symmetric with re-
spect to the Fermi energy. Therefore, we concentrate on
the lower energy peaks in the following analysis.
For the investigation of the spatial variation of the size
of the superconducting gap, spectra in the map are fitted
for one polarity with a Dynes’ gap function,
dI
dV
(V ) =
∣∣∣∣∣Re
[
eV − iΓ√
(eV − iΓ)2 −∆2
]∣∣∣∣∣ , (1)
where ∆ and Γ represent the size of the superconducting
gap and quasiparticle-lifetime broadening, respectively.
A spatial map of the local gap size obtained at positive
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FIG. 2: (a) Gap map of FeSe0.4Te0.6 taken in an area of
20 × 20 nm2 obtained from a spectroscopic map taken with
a tunneling setpoint of V = 40 mV and I = 0.5 nA be-
fore switching off the feed-back loop. Over this area we have
acquired temperature dependent spectroscopic maps with
64×64 points. (b) Histogram of the gap distribution. (c) Raw
spectra along the line cut shown in (a). (d) Autocorrelation
of the gap map taken over a large field of view (38×38 nm2).
(e) radial line cut around the center of the autocorrelation
shown in (d) obtained by averaging azimuthally (blue), the
solid red line represents a fit of an exponential decay to the
radial line cut.
polarity is presented in Fig. 2(a) (the one obtained for
negative polarity shows the same qualitative behaviour).
It can clearly be seen that the size of the superconduct-
ing gap is spatially inhomogeneous with a characteristic
length scale on the order of one nanometer and varies
between 0.25 meV and 2.2 meV (see Fig. 2(b)). In
Fig. 2(c), a series of spectra obtained along the line shown
in Fig. 2(a) shows the coherence peaks at ±2.1 meV
evolving from large gap (bottom) to small gap (top),
where the coherence peaks almost disappear and rather
only a depletion in the differential conductance is visible.
A similar type of gap inhomogeneity has been found in
the iron-arsenide compound BaFe1.8Co0.2As2 by STS and
has been explained by impurity scattering [14]. We de-
tect very few impurities, therefore it is unlikely that this
is the main cause of inhomogeneity in our measurements.
Thus, the main source of inhomogeneity in our sample
3has to be the disorder of Se/Te ions. However, in con-
trast to high temperature cuprate superconductors where
the inhomogeneity arises due to disorder of the dopant
atoms [21], here the substitution of Se by Te atoms is iso-
electronic, so the mechanism linking the inhomogeneity
to the local variation in the size of the superconducting
gap has to be different.
To quantify the characteristic length scale of the in-
homogeneity, which is also a measure for the coherence
length, we have calculated the autocorrelation of the gap
map (see Fig. 2(d)). It shows a slight anisotropy between
the two nominally equivalent Fe-Fe bond direction, which
can be rationalized by nematic excitations detected in the
same crystal [22]. By fitting an exponential decay func-
tion to the radially averaged line profile (see fig. 2(e)) we
find a decay length of ξ = 1.30 nm, in good agreement
with the coherence length obtained from Hc2 of 1.5 nm
[23].
For a detailed analysis of the gap size as a func-
tion of temperature, we have compared our spectra with
fits for different order parameters in order to deter-
mine which yields the best description. To this end,
we have introduced different angular dependent order
parameters ∆(θ) into Eq. 1. We have considered the
cases of pure s-wave (∆(θ) = ∆0), anisotropic s-wave
(∆(θ) = ∆0 +∆1 cos 4θ), and d-wave (∆(θ) = ∆0 cos 4θ)
order parameters. Furthermore, to describe the temper-
ature dependence of the spectra, we have accounted for
the thermal broadening of the Fermi function.
The differential conductance dI/dV measured by STM
can be considered proportional to the density of states of
the sample, where the proportionality constant depends
on the tip height and details of the tip apex [24]. To
eliminate these effects and contributions from the normal
state density of states in our spectra taken below TC, we
have divided these by spectra acquired with the same
tunneling parameters in the normal state at T > TC.
Figure 3 shows a spatially averaged spectrum taken
at 2.1 K, normalized and symmetrized around zero bias
(symbols). The solid lines show Dynes equation (Eq. 1)
fits with different order parameters ∆(θ). The best fit is
obtained for the anisotropic s-wave scenario - pure s-wave
and d-wave do not give the same level of agreement. The
extracted gap size is ∆0 = 1.42 meV – close to the re-
sults obtained from previous STM measurement showing
coherence peaks in the tunneling spectra at ±1.7 meV [7]
and ARPES [11], and somewhat smaller than what has
been seen by optical spectroscopy (2.5 meV) [25]. For
the anisotropy we obtain ∆1 = 0.60 meV. While we do
fit the anisotropy by considering a cos 4θ term, we cannot
exclude that the anisotropy is governed, e.g., by a cos 2θ
term, because the resulting spectrum remains the same
for any integer multiple of θ.
The anisotropy which we obtain is about ∼ 40% of the
gap magnitude, consistent with angle-resolved specific
heat experiments for samples of slightly different com-
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FIG. 3: The black symbols represent a spectrum extracted
from a spatial average of the map shown in Fig. 2(a) at
2.1 K. The spectrum has been symmetrized and normalized
as discussed in the text. Blue, red, and green solid lines are
fitted curves using Eq. 1 with different gap functions: s-wave
(∆(θ) = ∆0), anisotropic s-wave (∆0+∆1 cos 4θ), and d-wave
(∆0 cos 2θ), respectively.
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FIG. 4: (a) and (b) show averaged spectra acquired at differ-
ent temperatures over two different areas of size ∼ 3× 3 nm2
each in regions with large (position 1 in Fig. 2(a)) and small
(position 5 in Fig. 2(a)) local gap size. (c), (d) Symmetrized
and normalized spectra taken at different temperatures in re-
gions of large (a) and small (b) gap size with fits (solid lines)
according to Eq.1 for an anisotropic s-wave order parameter
and accounting for thermal broadening. Spectra are normal-
ized by spectra taken at 16 K.
position (FeSe0.45Te0.55) [13], for which an anisotropy of
≈ 50% was found. Recently, frommeasurements by Laser
ARPES an anisotropy of 25% has been reported with a
superconducting gap of ∆0 = 1.63 meV at 2.5 K [12],
both are quite close to the values extracted from our fits.
In order to explore the evolution of the superconduct-
ing gap with temperature we have acquired spectroscopic
4maps at temperatures between 2.1 K and 12 K in the
same area of the sample as shown in Fig. 2(a). The
temperature dependent spectra taken in regions with
large and small local gap size (see Fig. 4(a) and (b))
reveal that in different regions the superconducting
gap disappears at different temperatures. For example,
spectra taken at 12 K in a region with a large local gap
size (Fig. 4(a)) still show a slight dip near zero-bias
voltage which is absent in spectra taken in a region
with a small gap size (Fig. 4(b)) at the same temperature.
We can determine local transition temperatures TC by
fitting Eq. 1, with the anisotropic s-wave gap function
to spectra averaged over regions with similar local gap
size. In Fig. 4(c) and 4(d) we show symmetrized and
normalized spectra from regions with large and small
local gap size taken at different temperatures (note
that some spectra show spurious features which are
tip-related, see e.g. spectra taken at 5K in Fig. 4(c, d)
near ±5mV). The values of the gap size ∆0 obtained
from the fits show a monotonic decrease with increas-
ing temperature as shown in Fig. 5(a), they follow a√
1− T/TC behaviour. The temperature dependence
differs from that expected from BCS theory for a weak
coupling superconductor, especially at low temperatures
T < TC, where the gap size becomes almost independent
of temperature according to BCS theory [26]. The
critical temperatures which we obtain from regions of
different gap size range from 10 to 14 K. Thus, it is
really the superconducting transition temperature which
is spatially inhomogeneous in FeSe0.4Te0.6. From the
fits, the gap size ∆0(0) in the limit of low temperature
can be extracted, yielding a ratio 2∆0(0)/kBTC in a
range from 2.5 to 3.2. This value is somewhat smaller
than what would be expected from weak coupling BCS
theory which gives 2∆0(0) = 3.52kBTC.
Having established the relation between local gap
size and transition temperature, we can compare the
local superconducting gap size with the local chemical
composition. As confirmed by X-ray diffraction, the
chalcogen height of Se and Te atoms above the iron layer
differs substantially [31]. We can extract a measure of
the local chalcogen height from the apparent height in
the topographic image acquired simultaneously with the
map. In Fig. 5(b), tunneling spectra extracted from
a map are averaged for different relative topographic
heights, revealing that the height of the coherence peak
decreases with the increase in the chalcogen height but
the change in the superconducting gap size is very small.
From spectra normalized at the coherence peak energy
(see inset of Fig. 5(b)) it can be seen that the gap size
is almost independent of anion height. The influence
of the anion height on electronic, superconducting and
magnetic properties of iron-based superconductors and
their parent compounds has been widely discussed in
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FIG. 5: (a) Gap size ∆0 as a function of T for different gap
regions (marked in Fig. 2 (a)), showing local differences in
the temperature at which the gap is completely closed. Solid
lines are fits of a
√
1− T/TC behaviour for the temperature
dependence of the gap size. The dashed light blue line is
the temperature dependence of the superconducting gap as
it would be expected from BCS theory for an s-wave gap
(assuming the same TC and ∆0(0) as obtained from the fit of
the dark blue line for region 1). (b) Tunneling spectra from
a spectroscopic map averaged for different ranges of relative
topographic heights and normalized at V = −10 mV (marked
by green arrow). The same spectra normalized at the energy
of the coherence peak (marked by blue arrow).
literature [28–30]. Details of the Fermi surface depend
on the pnictogen/chalcogen height, for iron calcogenides,
it has been shown that different magnetic orders are
stabilized depending on the chalcogen height [30]. Also
its influence on superconductivity has been investigated
[29], showing that even a change in the symmetry of
the superconducting order parameter can occur as a
function of anion height. This sensitivity stems from the
chemical bond between iron d-orbitals and the chalcogen
or pnictogen p-orbitals, whose strength depends strongly
on the bond angle. The lack of a clear correlation
between the local anion height and the size of the
superconducting gap in our measurements indicates
that there is substantial interlayer coupling and the
superconducting properties are not only governed by
the chemistry within one iron chalcogenide layer. DFT
calculations comparing the band structures between
FeSe and FeTe show that indeed in FeTe there are bands
at the Fermi energy with a strong dispersion in the
direction perpendicular to the iron chalcogenide planes
[33], suggesting substantial interlayer coupling, which
plays a smaller role in FeSe. Our data suggest that at
the doping of our sample the superconducting properties
are already substantially influenced by coupling between
the layers.
In conclusion, we have studied the spatial inhomogene-
ity and temperature dependence of the superconducting
gap of FeSe1−xTex with x = 0.6. We find that the spectra
are best described by an anisotropic s-wave gap function
with an anisotropy of ∼ 40%. Temperature dependent
spectra acquired with atomic registry show that the lo-
5cal variation in gap size is directly linked to a local varia-
tion in the superconducting transition temperature. The
correlation with the local concentration of selenium and
tellurium atoms shows no clear trend. Our data indicate,
that the local superconducting gap size is not only deter-
mined by the chemical composition within the top-most
iron chalcogenide layer, but it is also influenced by deeper
layers.
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